Psoriasis is a common skin disease, the pathogenesis of which has not yet been resolved. In mice, epidermis-specific deletion of inhibitor of NF-kB (IkB) kinase 2 (IKK2) results in a skin phenotype that mimics human psoriasis in several aspects. Like psoriasis, this skin disease shows pronounced improvement when mice are treated with a TNF-neutralizing agent. We have found previously that this phenotype does not depend on the presence of ab T lymphocytes. In order to evaluate contributions of other immune cell populations to the skin disease, we selectively eliminated macrophages and granulocytes from the skin of mice with epidermis-specific deletion of IKK2 (K14-Cre-IKK2 fl/fl mice). Elimination of skin macrophages by subcutaneous injection of clodronate liposomes was accompanied by inhibition of granulocyte migration into the skin and resulted in a dramatic attenuation of psoriasis-like skin changes. The hyperproliferative, inflammatory skin disease in K14-Cre-IKK2 fl/fl mice was a direct consequence of the presence of macrophages in the skin, as targeted deletion of CD18, which prevented accumulation of granulocytes but not macrophages, did not lead to major changes in the phenotype. Targeted deletion of the receptor for IFN-g revealed that the pathogenesis of the skin disease does not depend on classical IFN-g-mediated macrophage activation. Our results demonstrate that in mice epidermal keratinocytes can initiate a hyperproliferative, inflammatory, IFN-g-independent, psoriasis-like skin disease whose development requires essential […] Psoriasis is a common skin disease, the pathogenesis of which has not yet been resolved. In mice, epidermisspecific deletion of inhibitor of NF-kB (IkB) kinase 2 (IKK2) results in a skin phenotype that mimics human psoriasis in several aspects. Like psoriasis, this skin disease shows pronounced improvement when mice are treated with a TNF-neutralizing agent. We have found previously that this phenotype does not depend on the presence of ab T lymphocytes. In order to evaluate contributions of other immune cell populations to the skin disease, we selectively eliminated macrophages and granulocytes from the skin of mice with epidermis-specific deletion of IKK2 (K14-Cre-IKK2 fl/fl mice). Elimination of skin macrophages by subcutaneous injection of clodronate liposomes was accompanied by inhibition of granulocyte migration into the skin and resulted in a dramatic attenuation of psoriasis-like skin changes. The hyperproliferative, inflammatory skin disease in K14-Cre-IKK2 fl/fl mice was a direct consequence of the presence of macrophages in the skin, as targeted deletion of CD18, which prevented accumulation of granulocytes but not macrophages, did not lead to major changes in the phenotype. Targeted deletion of the receptor for IFN-g revealed that the pathogenesis of the skin disease does not depend on classical IFN-g-mediated macrophage activation. Our results demonstrate that in mice epidermal keratinocytes can initiate a hyperproliferative, inflammatory, IFN-g-independent, psoriasis-like skin disease whose development requires essential contributions from skin macrophages but not from granulocytes or ab T lymphocytes. Nonstandard abbreviations used: fl, floxed; huTNFR:Fc, recombinant fusion protein consisting of TNFR-I and the Fc part of human IgG; IIGP, IFN-inducible GTPbinding protein; IkB, inhibitor of NF-kB; IKK2, IkB kinase 2; K-, keratin; mPDCA-1, murine plasmacytoid dendritic cell antibody 1; TNFR-I, TNF receptor I.
Introduction
The term psoriasis designates a heterogeneous group of chronic inflammatory disorders that are characterized by a typical morphological and histopathological pattern of skin abnormalities. The most specific histopathological changes that distinguish psoriasis from other inflammatory skin diseases are dramatic hyperplasia of the epidermis (acanthosis) with loss of the granular layer, thickening of the cornified layer (hyperkeratosis) and incomplete keratinocyte differentiation (parakeratosis), the presence of aggregates of neutrophile granulocytes in the epidermis (spongiform pustules of Kogoj and microabscesses of Munroe), and increased vascularity in the dermis (1) . These criteria have also been used to characterize the phenotypes of the naturally occurring mouse mutant fsn/fsn (2, 3) and mice with engineered alterations of immune cell populations (4) as well as modified expression of cytokines (5) , cell surface receptors (6) (7) (8) , or signaling molecules (9, 10) . Skin phenotypes that met these criteria were consequently termed psoriasis or psoriasiform or psoriasis-like skin disease (reviewed in ref. 11) . In spite of the generation and analysis of these differ-ent mouse models, a common pathogenic pathway for psoriasis has not yet been established. Following clinical observations of improvement under cyclosporin A treatment (12) or depletion of activated T cells (13) and subsequent xenogenic transplantation studies in the chronic plaque type variant of the disease (14) (15) (16) , psoriasis is today widely believed to have a T lymphocyte-mediated autoimmune pathogenesis (reviewed in ref. 17 ). However, the mechanisms that recruit T cells into the skin or lead to their local expansion have not yet been identified. So far contributions of other cell types to the pathogenesis of psoriatic skin changes have not been sufficiently explored.
We have recently described the phenotype of mice with keratinocyte-specific deletion of inhibitor of NF-kB (IkB) kinase 2 (IKK2; a component of the IkB kinase complex that is required for NF-kB activation by proinflammatory signals), which were homozygous for a floxed (fl) IKK2 allele and expressed Cre recombinase under the control of the keratin 14 (K14) promoter (K14-Cre-IKK2 fl/fl mice) (18) . Epidermis-specific deletion of IKK2 resulted in an inflammatory, hyperproliferative skin phenotype in vivo, which developed a few days after birth. On inspection, the mice exhibited cutaneous inflammation and thickened, inflexible skin with confluent, flaky patches all over the skin surface after P4. Histological analysis revealed that these skin changes met all the criteria for psoriasis-like skin disease: we found a hyperplastic epidermis with loss of the granular layer and focal parakeratosis, infiltration of the dermis with macrophages, T cells, mast cells, and granu-locytes, with the latter also invading the epidermis and forming microabscesses. In addition, we observed increased vascularity in the dermis and elevated levels of cytokines (IL-1b and TNF). We also showed that the pathogenesis of this psoriasis-like skin disease did not require ab T cells, but was dependent on the presence of TNF receptor I (TNFR-I) (18) . Although we do not know at present whether the release of TNFR-I ligands is restricted to a particular cell type in K14-Cre-IKK2 fl/fl mice, our previous results suggest that immune cell populations in the dermis, but not epidermal keratinocytes, are the source of TNF (18) . Keratinocytes, on the other hand, show non-cell-autonomous production of the proinflammatory cytokine IL-1b in early stages of disease development. In order to identify mechanisms relevant to the pathogenesis of the observed inflammatory skin disease, we set out to investigate the pathogenic roles of inflammatory cells and mediators.
Upon injection into the blood or solid tissues of mice, including skin, liposome-encapsulated bisphosphonate (clodronate) is phagocytosed by resident macrophages and accumulates intracellularly, thus leading to their elimination by apoptosis (19, 20) . Since these liposomes are not internalized by nonphagocytic cells (19) or by granulocytes (21) , they specifically act on macrophages and dendritic cell populations capable of phagocytosis. It has been shown that dermal T cells, neutrophils, mast cells, and Langerhans cells are not depleted by clodronate liposome treatment (22) . Clodronate itself is nontoxic and in its free form is widely used as a drug for the treatment of malignant hypercalcemia and painful bone metastases. Although clodronate-mediated macrophage depletion is not absolutely specific, this is an accepted and widely used method to address macrophage functions in mice.
Cell-matrix and cell-cell interactions are essential for the migration of granulocytes to sites of tissue inflammation. On their surfaces, granulocytes express different isoforms of CD11 and CD18, which form heterodimeric adhesion receptors that mediate these adhesive contacts. Adhesion is disrupted by deletion of CD18, the b 2 integrin chain. Mice deficient for CD18 have been reported previously to be defective for granulocyte migration into areas of organ inflammation (23) . Here we show an essential role for skin macrophages in the development of the psoriasis-like hyperproliferative, inflammatory skin disease of K14-Cre-IKK2 fl/fl mice. Furthermore, CD18-mediated migration of granulocytes into the skin, and the presence of IFN-g receptor, are dispensable for this phenotype.
Results
Using genetic approaches, we have shown previously that the psoriasis-like skin phenotype in K14-Cre-IKK2 fl/fl mice is dependent on the presence of TNFR-I but does not require ab T lymphocytes (18) . We therefore hypothesized that the skin condition should be amenable to treatment with TNF-neutralizing agents, which are also successfully used to treat psoriasis in humans. K14-Cre-IKK2 fl/fl mice were injected with a recombinant fusion protein consisting of TNFR-I and the Fc part of human IgG (huTNFR:Fc). We administered huTNFR:Fc at 20 mg/d subcutaneously from P1 until P7. Three different litters, containing a total of 7 K14-Cre-IKK2 fl/fl mice and 19 control mice, were treated with huTNFR:Fc. Another group of K14-Cre-IKK2 fl/fl mice and control mice was left untreated (>10 litters), and a third was treated with human IgG at 20 mg/d (1 litter containing 2 K14-Cre-IKK2 fl/fl mice and 8 control mice).
Macroscopically, treatment with huTNFR:Fc greatly suppressed thickening and scaling of the skin. Histopathological investigation at P7 revealed that the skin changes observed in huTNFR:Fc-treated K14-Cre-IKK2 fl/fl mice were much less pronounced than those in untreated K14-Cre-IKK2 fl/fl mice or in K14-Cre-IKK2 fl/fl mice treated with human IgG: the skin was thinner, its structure was close to normal, in most areas K14 expression was confined to the basal epidermal layer, K10 and loricrin were present in the epidermis, and the invasion of inflammatory cells into the skin was suppressed ( Figure 1 ). These results show that treatment with the TNF-neutralizing huTNFR:Fc, but not with normal human IgG, can suppress the psoriasis-like phenotype in the skin of K14-Cre-IKK2 fl/fl mice. We conclude that the psoriasis-like skin condition in K14-Cre-IKK2 fl/fl mice, like human psoriasis, responds to anti-TNF treatment.
Figure 1
Improvement of psoriasis-like skin disease in K14-Cre-IKK2 fl/fl mice by administration of huTNFR:Fc. Light microscopic and confocal images of paraffin-embedded skin sections (H&E, K14, K10, and loricrin [Lor]) and confocal images of cryostat skin sections (CD3, GR-1, F4/80) obtained at P7 from K14-Cre-IKK2 fl/fl mice injected with 20 mg per mouse of huTNFR:Fc (left panels) or human IgG (right panels). Top 2 panels are stained with H&E. For immunostainings, indicated markers are stained green, and nuclei are stained red. Scale bar: 100 mm (H&E); 40 mm (immunostaining).
Previous histological and immunohistological analysis of the skin of K14-Cre-IKK2 fl/fl mice showed massive accumulation of macrophages (F4/80-positive) and granulocytes (GR-1-positive) as well as an increase in the numbers of mast cells in the skin of these mice. We also showed that these immune cells expressed TNF (18) . We therefore set out to systematically investigate the contributions of the individual immune cell populations to the psoriasis-like phenotype.
Examination of more than 100 skin sections of more than 20 different K14-Cre-IKK2 fl/fl mice revealed that F4/80-positive macrophages often accumulated directly at the interface between epidermis and dermis ( Figure 2 , L and M). This is reminiscent of a population of "epithelium-lining macrophages" that has been described in psoriatic skin but also in other inflammatory skin conditions (24, 25) . Psoriatic skin has also been shown to contain a mixture of classically and alternatively activated macrophages as well as dendritic cells with different degrees of maturation (26) . In order to further characterize the inflammatory infiltrate, we carried out immunostainings of skin sections of at least 3 different control mice and K14-Cre-IKK2 fl/fl mice each with antibodies against CD11b, CD14, CD16/32, CD206 (mannose receptor), CD83, and CD80 as well as murine plasmacytoid dendritic cell antibody 1 (mPDCA-1), an antibody recognizing plasmacytoid dendritic cells. Macrophages in the dermis of K14-Cre-IKK2 fl/fl mice stained positive for F4/80, CD11b, and CD206 and partly positive for CD16/32 ( Figure 2 ). CD14 expression was more restricted but was clearly positive in the infiltrate, particularly in cells with macrophage morphology that lined up at the dermal side of the epidermal/dermal interface ( Figure 2D ). Interestingly, CD83 -which is present in the cytoplasm of macrophages and is exposed on the surface of myeloid dendritic cells (27) -was expressed by a large number of macrophages and showed a gradient-like expression pattern: macrophages at the epidermal/dermal interface showed strong expression that diminished toward the deeper dermis ( Figure 2H ). CD80 was expressed by few cells in the deeper dermis, which also stained positive for CD83 ( Figure 2K ). Cells with dendritic morphology staining positive with mPDCA-1 were found in skin of both K14-Cre-IKK2 fl/fl mice and control mice at a similar frequency. They were located in the vicinity of hair follicles in the deep dermis and subcutis but not in the upper dermis ( Figure 2 , N-Q). To test a causal involvement of both macrophages and granulocytes in the pathogenesis of the psoriasis-like skin phenotype, we set out to separately eliminate these immune cell populations from the skin of K14-Cre-IKK2 fl/fl mice.
We reduced macrophage numbers in the skin of 12 K14-Cre-IKK2 fl/fl mice from 6 different litters by injecting clodronate liposomes subcutaneously into the upper back. As controls we injected 7 K14-Cre-IKK2 fl/fl mice with PBS-containing liposomes (control liposomes). Mice were treated every day starting at P4 (after appearance of the first signs of the phenotype). In all mice analyzed, injection of clodronate liposomes, but not control liposomes, resulted in a dramatic decrease in the number of macrophages in the dermis of the injected upper back skin ( Figure 3 , center panels, and Supplemental Figure 1 ; supplemental mate- rial available online with this article; doi:10.1172/JCI27179DS1) and a pronounced reduction of the hyperproliferative, inflammatory skin phenotype. Acanthosis and hyperkeratosis were greatly reduced, there was no parakeratosis, and the granular layer was clearly visible (Figure 3 , top panels). In addition, the inflammatory cell infiltrate was less dense compared with control liposomeinjected mice. mPDCA-1-positive cells were detected in the dermis after injection of clodronate liposomes ( Figure 2R ). Skin areas of the neck and lower back in mice that were not injected with clodronate liposomes showed signs of the phenotype, although these seemed to be milder than in mice injected with control liposomes (Supplemental Figure 1 and data not shown). Immunostaining with an antibody against phosphorylated STAT3 revealed that in epidermal keratinocytes of the psoriasis-like skin of K14-Cre-IKK2 fl/fl mice, the level of STAT3 phosphorylation was strongly upregulated (data not shown). Treatment with clodronate liposomes, but not control liposomes, reduced this phosphorylation dramatically (Figure 3 , bottom panels).
We carried out immunostainings for differentiation specific markers in order to analyze the degree of disturbance of terminal keratinocyte differentiation. Whereas staining for K14 was still enhanced in the suprabasal epidermal compartment, expression of K10 and the late differentiation markers loricrin and filaggrin were restored to normal in clodronate liposome-injected mice compared with control liposome-injected mice (Figure 4 ). To analyze the composition of the inflammatory cell infiltrate, we stained skin sections with antibodies against different immune cell markers. Immunostaining against GR-1 and CD3 revealed that numbers of granulocytes and dermal T lymphocytes were decreased in the skin of clodronate liposome-injected animals compared with those injected with control liposome (Figure 4 ). This shows that the presence of macrophages is required for the accumulation of granulocytes and T lymphocytes in the skin of K14-Cre-IKK2 fl/fl mice.
Since elimination of skin macrophages prevented both the accumulation of granulocytes and T cells and the development of the psoriasis-like skin condition, it was unclear whether the improvement of the skin disease was a direct consequence of macrophage depletion or the result of inhibited granulocyte and T cell migration or expansion. We have previously excluded a pathogenic role for T cells (18) . Massive mobilization of granulocytes from the bone marrow was demonstrated by our results of white blood cell counting: there was an elevated number of circulating granulocytes with a relative increase in stab cells (deviation to the left) in K14-Cre-IKK2 fl/fl mice compared with controls ( Figure 5A ). We therefore set out to investigate whether granulocytes are required for disease development by inhibiting their migration into the skin. This was achieved through targeted deletion of CD18, the b 2 integrin subunit, from K14-Cre-IKK2 fl/fl mice by breeding them with mice with targeted deletion of CD18 (28) . CD18-deficient K14-Cre-IKK2 fl/fl mice (CD18 -/-K14-Cre-IKK2 fl/fl mice) developed a skin phenotype similar to that of K14-Cre-IKK2 fl/fl mice homozygous or heterozygous for the WT CD18 allele (CD18 +/+ or CD18 +/-K14-Cre-IKK2 fl/fl mice). Histochemical chloracetate esterase staining revealed that homozygous, but not heterozygous, deletion of CD18 resulted in the absence of granulocytes from the skin of the affected mice ( Figure 5 , B and C). Counting of granulocyte numbers in histological skin sections of 8 CD18 -/-K14-Cre-IKK2 fl/fl mice and 6 CD18 +/+ or CD18 +/-K14-Cre-IKK2 fl/fl mice showed almost complete absence of granulocytes in the skin of CD18 -/-K14-Cre-IKK2 fl/fl mice ( Figure 5D ). Absence of granulocytes was also confirmed by staining with anti-GR-1 antibody (data not shown).
Histological examination of skin sections of 8 mice revealed that, although granulocytes were not present, the major features of the psoriasis-like skin disease were retained in CD18 -/-K14-Cre-IKK2 fl/fl mice: there was pronounced acanthosis along with hyper-and parakeratosis and loss of the granular layer in most parts of the epidermis (Figure 6 , top panels). Analysis of expression of K14, K10, and filaggrin showed no major differences among K14-Cre-IKK2 fl/fl mice, CD18 +/-K14-Cre-IKK2 fl/fl mice, and CD18 -/-K14-Cre-IKK2 fl/fl mice ( Figure 6 ). Immunostaining against F4/80 and CD3 revealed that macrophages and T lymphocytes were present at similar densities in the dermis of CD18 -/-K14-Cre-IKK2 fl/fl mice and CD18 +/-K14-Cre-IKK2 fl/fl mice (Figure 7 ). In addition, phosphorylated STAT3 was detectable at similar levels in the epidermis of CD18 -/-K14-Cre-IKK2 fl/fl mice and CD18 +/-K14-Cre-IKK2 fl/fl mice (Figure 7 , bottom panels).
We conclude that the migration of granulocytes into the skin observed in K14-Cre-IKK2 fl/fl mice depends on the presence of elevated numbers of skin macrophages but is not required for the development of the psoriasislike skin disease in these mice.
In order to correlate the increase in mast cell numbers with the development of the skin phenotype over the course of time, we compared numbers of skin mast cells between K14-Cre-IKK2 fl/fl mice and control mice at different time points prior to the onset of visible phenotypic changes at P5. There was no difference in mast cell numbers at P1-P3. At P4 skin mast cell numbers in K14-Cre-IKK2 fl/fl mice started to exceed those of controls; this difference progressed until P5 (Supplemental Figure 1 ). To analyze whether treatment with clodronate liposomes had an effect on mast cell numbers, we counted mast cells in the skin of 7 clodronate liposome-and 6 control liposome-treated as well as 5 untreated K14-Cre-IKK2 fl/fl mice and in the skin of 5 Cre-negative IKK2 fl/fl or IKK2 fl/+ mice as controls. Ten fields per mouse were counted. Mast cell numbers were as follows (no. mast cells/field ± SD): untreated K14-Cre-IKK2 fl/fl mice, 20.1 ± 5.5; control liposome-treated K14-Cre-IKK2 fl/fl mice, 19.0 ± 5.1; clodronate liposome-treated K14-Cre-IKK2 fl/fl mice, 9.9 ± 3; control mice, 8.2 ± 3. These results show that mast cells are not depleted by clodronate liposomes and that their numbers correlate with the severity of the phenotype. The time course of mast cell accumulation in the skin suggests that mast cells do not have a causal function in the initiation of the inflammatory phenotype, since their numbers only increase when visible phenotypic changes are already present.
Since increased numbers of skin macrophages seemed to be critical for the pathogenesis of the psoriasis-like skin disease of K14-Cre-IKK2 fl/fl mice, we sought an approach to identify early events in the course of the condition that could be relevant to macrophage accumulation in the skin and to the pathogenesis of the condition. We therefore carried out gene expression analysis in the skin of K14-Cre-IKK2 fl/fl mice and control mice at P2 and P3, prior to macroscopically or histologically detectable skin changes. RNA was extracted from the skin of 1 K14-Cre-IKK2 fl/fl mouse and 1 control mouse each at P2 and P3 and subjected to Affymetrix gene chip analysis. Skin samples from K14-Cre-IKK2 fl/fl mice showed upregulated expression of several genes encoding different proteins that are highly susceptible to regulation by IFN-g ( Table 1 ). Expression of these proteins was increased from P2 to P3. In order to confirm upregulation of expression of IFN-inducible GTP-binding protein (IIGP), we performed immunostaining in skin sections of K14-Cre-IKK2 fl/fl mice at day 7. These stainings showed increased expression of IIGP in dermal cells in K14-Cre-IKK2 fl/fl mice compared with controls (data not shown).
Our data indicate an early presence at P2/P3 of IFN-g-mediated signals in the skin of K14-Cre-IKK2 fl/fl mice.
Figure 4
Injection of clodronate liposomes normalizes epidermal differentiation and prevents migration of immune cells. Immunostainings of paraffin-embedded skin sections with antibodies against the epidermal differentiation markers K14, K10, loricrin, and filaggrin (Fil) or of frozen skin with antibodies against the immune cell markers GR-1 for granulocytes and CD3 for T lymphocytes. Skin samples were obtained at P7 from K14-Cre-IKK2 fl/fl mice injected with control liposomes (left panels), clodronate liposomes (center panels), from uninjected control mice (right panels). Indicated markers are stained green, and nuclei are stained red. Scale bar: 40 mm.
TNF and IFN-g are known as the 2 cardinal stimulators of classical macrophage activation (29) . We have previously shown that the inflammatory skin phenotype in K14-Cre-IKK2 fl/fl mice is dependent on the presence of both skin macrophages and TNFR-I (18) . Our present study revealed evidence for the activity of IFN-gdependent gene regulatory pathways, which are also known to be essential for classical macrophage activation, during the initial stages of disease development. We therefore asked whether IFN-g receptor-mediated signals are required for the development of the skin disease. To address this question we crossed K14-Cre-IKK2 fl/fl mice to mice deficient for the IFN-g receptor (IFN-gR -/-K14-Cre-IKK2 fl/fl mice; n = 4) (30). The mice developed a skin phenotype similar to that of K14-Cre-IKK2 fl/fl mice. Unlike in K14-Cre-IKK2 fl/fl mice, however, macroscopic skin changes were detectable only 2 days later in IFN-gR -/-K14-Cre-IKK2 fl/fl mice. Histological examination and immunostainings of skin sections of 4 IFN-gR -/-K14-Cre-IKK2 fl/fl mice with antibodies against differentiation markers and immune cell populations revealed no major differences between the skin changes of IFN-gR -/-K14-Cre-IKK2 fl/fl mice and K14-Cre-IKK2 fl/fl mice (Figure 8 ). We conclude that the presence of IFN-g receptor may accelerate the onset of the psoriasis-like inflammatory skin disease in K14-Cre-IKK2 fl/fl mice but is not essential for it to develop.
Discussion
Although ab T lymphocytes are dispensable for inflammation and hyperproliferation in the skin of K14-Cre-IKK2 fl/fl mice, the phenotype of these mice shows many features of psoriasis-like skin disease. While there is no evidence to date that justifies direct application of pathogenic mechanisms that lead to hyperproliferative, inflammatory skin disease in mice to the human system, we believe that these mice are useful to explore basic mechanisms relevant for the development of such conditions in general. In order to evaluate the significance of our findings for humans, other models of psoriasis will have to be considered.
Several researchers have assigned a critical role in the pathogenesis of psoriasis to T lymphocytes (reviewed in refs. 17, 31, 32) , and T cells have been shown to play a crucial role in the development of psoriasis-like skin changes in mouse models (for example, see ref. 22 ). The identity of the immune cell populations that are able to induce psoriasis in humans has, however, not been fully clarified (14) , and human psoriasis is still defined by clinical and histopathological criteria, the murine correlates of which we have found in the skin of K14-Cre-IKK2 fl/fl mice (18) . The recently described psoriasis-like skin phenotype of mice with inducible skin-specific deletion of JunB/c-Jun (10) provides evidence for a role of T cells as amplifiers of an inflammatory skin reaction that has been initiated in epidermal keratinocytes. These data and our own results have been obtained in genetically modified mice and can therefore not be applied directly in parallel to the human system. They are, however, suited to feed speculations doubting an absolute requirement for T cells in the pathogenesis of psoriasis (32) .
The initiating event for the onset of the psoriasis-like skin disease in K14-Cre-IKK2 fl/fl mice is the targeted elimination of the ikk2 gene from epidermal keratinocytes. Earlier studies employing targeted deletion or misexpression of proteins in the epidermal layer of the skin have shown that gain-or loss-of-function mutations in keratinocytes can trigger similar, psoriasis-like phenotypes (6, 7, 9, 10, 33) . Although the skin phenotype of the K14-Cre-IKK2 fl/fl mice depends on the presence in the dermis of cofactors and immune cells with proinflammatory activity, comparable to human psoriasis, the single key event that triggers the cascade finally leading to the observed phenotype occurs in epidermal keratinocytes and not in the invading immune cells. In this respect, our model bears similarities to transgenic mice expressing constitutively activated Stat3 in epidermal keratinocytes (9) . In this model, expression of the psoriatic phenotype in grafted skin was achieved when, in addition to forced epidermal Stat3 activation, activated T cells were injected into the dermis. While this points to a role of T cells in the pathogenesis, potential contributions of other immune cell populations have not yet been investigated, and it therefore remains unclear whether there is an absolute requirement for T cells in the development of the psoriatic phenotype in K5.Stat3C mice. For K14-Cre-IKK2 fl/fl mice we have shown that macrophages, but not ab T cells or granulo- Previous studies in psoriatic human skin have described a subset of skin macrophages that migrate to the dermal/epidermal border where they communicate with epidermal keratinocytes, terming these cells epithelium-lining macrophages (24, 34). In K14-Cre-IKK2 fl/fl mice we have observed a similar phenomenon: spindle-shaped macrophages that partly expressed CD14 accumulated directly beneath the epidermal basement membrane. Interestingly, these cells showed positive staining for CD83, an Ig-like adhesion receptor that is present on the surface of monocyte-derived dendritic cells but is already synthesized in monocytes/macrophages (27) . CD83-positive cells have also been described in the upper dermis of psoriatic skin (35) , and there is a strong inverse correlation between the number of these cells and disease activity in Efalizumab-treated psoriatic individuals (36) . The strong expression of this marker near the epidermal/dermal interface in K14-Cre-IKK2 fl/fl mice may indicate the presence of factors that drive macrophage differentiation toward this dendritic cell population. Attenuation of the skin phenotype after injection of clodronate liposomes demonstrated that in our mice, macrophages were necessary for the psoriasis-like skin disease to develop. It is possible that their depletion in the skin eliminates a cell pool that normally serves as a source of more highly differentiated effector cells like CD83-positive dendritic cells. We previously knew very little about the functional role of macrophages in the initiation and perpetuation of inflammatory skin reactions. A pathogenic role for macrophages has, however, also been suggested in a model of irritant dermatitis (37) and in a T cell-dependent mouse model of psoriasis (22) , making it conceivable that these cells have a broad function in the pathogenesis of skin inflammation and psoriasis. The fact that a targeted mutation in epidermal keratinocytes resulted in an inflammatory skin reaction that critically involved macrophages, but not ab T lymphocytes, shows that antigen presentation is not the only function by which macrophages or macrophage-derived cells can contribute to inflammatory skin conditions. TNF and IFN-g are the two most important signals for classical macrophage activation (29) . Since we had observed upregulation of IFN-g target proteins in the skin prior to the onset of phenotypic changes on one hand and a dependence of the skin phenotype on macrophage accumulation as well as on TNF-mediated signals on the other, we tested whether IFN-g-derived signaling played a pathogenic role in the psoriasis-like skin disease of K14-Cre-IKK2 fl/fl mice. The failure to respond to IFN-g receptor deletion indicates that in our setting TNF is more important than IFN-g for the induction of skin inflammation. With respect to the role of TNF in macrophage activation it is interesting that in TNFR-I-deficient transgenic mice expressing the IkBa super- repressor in the epidermis, selective reconstitution of TNFR-Ipositive bone marrow-derived cells was not sufficient to recreate the inflammatory-hyperproliferative phenotype (38) . This shows that in this context reception of TNFR-I-mediated signals by non-bone marrow-derived cells is critical for the development of the phenotype. Furthermore, our results may suggest that skin macrophage activation in K14-Cre-IKK2 fl/fl mice does not proceed by the classical mechanisms of macrophage stimulation, which rely on both TNF and IFN-g. This is also supported by our finding that the skin of K14-Cre-IKK2 fl/fl mice, like human psoriatic skin, contains macrophages that carry both classical and alternative activation markers. Interestingly, and similar to human psoriasis, TNF is also crucial for the development of the psoriasis-like skin disease in CD18 hypomorphic mice (22) . While the source of TNF in K14-Cre-IKK2 fl/fl mice remains unclear at the moment, epidermal keratinocytes are not likely to be responsible for the release of pathogenic TNF, as suggested by our previous studies (18) and by skin grafting experiments from TNF-deficient mice with targeted deletion of RelA/c-Rel onto Rag -/mice, in which grafts developed a hyperproliferative, inflammatory phenotype in the absence of donor keratinocytederived TNF (39) . Since macrophages have been identified previously as a major source of TNF in skin (40) , they are also likely to produce pathogenic TNF in the skin of K14-Cre-IKK2 fl/fl mice. In this context it is interesting that an antibody against the p40 subunit of IL-12, which it shares with IL-23, has been shown to improve psoriasis when given systemically (41) . IL-12 is produced by macrophages and can stimulate the production of IFN-g in an autocrine fashion (42); IL-23 is known to be produced by keratinocytes in psoriatic lesions (43, 44) and can directly activate macrophages (45) . In addition, treatment with IL-11 or IL-4, both of which inhibit TNF production in activated macrophages (46, 47) , leads to improvement of the skin disease in psoriatic individuals (48, 49) .
Although the migration of granulocytes into the skin and the formation of microabscesses are prominent features of psoriasis, their absence from the skin does not lead to clearance or major improvement of the psoriasis-like skin disease in K14-Cre-IKK2 fl/fl mice. This seems surprising considering the large number of granulocytes found in affected skin and previous observations in the flaky skin mouse ( fsn/fsn) model, in which antibody-mediated depletion of granulocytes resulted in a dramatic reduction of the hyperproliferative skin phenotype (50) . It is noteworthy, however, that even in flaky skin mice elimination of granulocytes from the skin did not suppress disease activity completely. This indicates that the driving force of the pathogenic process is independent of granulocyte presence in the skin. Inhibition of granulocyte migration into the skin therefore does not appear to be a promising therapeutic target in psoriasis.
The question of whether macrophage accumulation is a direct consequence of altered signal transduction in epidermal keratinocytes or whether it is mediated by other resident skin cell types must remain open at the moment but will be the subject of further investigations. While it is possible that there is direct exchange of information between epidermal keratinocytes and skin macrophages in K14-Cre-IKK2 fl/fl mice, the exact substrate of this communication has yet to be identified. In an alternative scenario, other resident skin cells (fibroblasts, endothelial cells,
Figure 7
Elimination of granulocytes from the skin of K14-Cre-IKK2 fl/fl mice does not suppress inflammation. Confocal images of frozen skin sections from CD18 -/-K14-Cre-IKK2 fl/fl mice (left panels) and CD18 +/-K14-Cre-IKK2 fl/fl mice (right panels) immunostained for the indicated immune cell markers and phosphorylated STAT3 (green). Nuclei are stained red. White dotted lines indicate the position of the epidermal basement membrane. Scale bar: 40 mm. Results of Affymetrix gene chip analysis. mRNA levels were compared between skin of K14-Cre-IKK2 fl/fl mice and of sex-matched controls from the same litter. Induction by a factor of 2 or higher was regarded as a significant change. IGTP, inducibly expressed GTPase; GTPI, IFNinducible GTPase 2; TGTP, T cell-specific GTP binding protein; MG 11, IFN-g-inducible protein Mg11; IRF-1, IFN regulatory factor-1.
or others) could receive the keratinocyte-derived signal and pass it on either directly to macrophages or to an additional population involved. All resident skin cells express TNFR-I, which enables them to receive TNF-mediated signals from neighboring cells of the same or of a different skin compartment, and these cells could therefore participate in the development of the inflammatory skin condition. In psoriasis, there is evidence for the pathogenic relevance of several different cell types that normally occur in skin: keratinocytes (6, 7), fibroblasts (51, 52), monocyte-derived immunocytes (14, 53), T cells (4, 16), and mast cells (54, 55) . It is therefore possible that psoriasis is the outcome of aberrantly activated mechanisms of host defense or tissue repair that do not necessarily depend on one single cell type but can involve a variety of different cell populations, for example macrophages. This would provide a possible explanation for the great heterogeneity of psoriasis patients regarding their treatment susceptibility. In this context it appears interesting that a treatment strategy targeting a pleiotropic key mediator like TNF has proven more efficient than an approach that targets a single, potentially pathogenic cell type (56-60).
Figure 8
Targeted deletion of IFN-g receptor does not prevent the development of the psoriasis-like skin disease in K14-Cre-IKK2 fl/fl mice. Light microscopic and confocal images of paraffin-embedded skin sections (H&E, K14, K10, loricrin, and filaggrin) and confocal images of cryostat skin sections (F4/80) obtained at P7 from K14-Cre-IKK2 fl/fl mice, IFN-gR -/-K14-Cre-IKK2 fl/fl mice, and control mice. Top 3 panel are stained with H&E. For immunostainings, indicated markers are stained green, and nuclei are stained red. Scale bar: 100 mm (H&E); 40 mm (immunostaining).
